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SUPERSEDING
MIL-STD-889A

25 September 1969

MILITARY STANDARD

DISSIMILAR METALS
1. SCOPE.
1.1 Purpose. This standard defines and classifies dissimilar metals,
and establishes requirements for protecting coupled dissimilar metais,
with attention directed to the anodic member of the couple, against

_corrosion.

1.1.1 Applicability. This standard is applicable to all military
equipment parts, components and assemblies.

2. REFERENCED DOCUMENTS.

2.1 1Issues of documents. The following documents of the issue in
effect on date of invitation for bids or request for proposal, form
a part of this standard to the extent specified herein.

SPECIFICATIONS
MILITARY

MIL-S-8802 Sealing Compound, Temperature-Resistant,
Integral Fuel Tanks and Fuel Cell
Cavities, High Adhesion

(Copies of specifications, standards, drawings, and publications
required by contractors in connection with specific procurement
functions should be obtained from the procuring activity or as
directed by the contracting officer.)
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3. DEFINITIONS.

3.1 Dissimiiar metais. This standard terms metals dissimilar when two
a2l mmandmame ava da AnmabrAant A rha 'L Alantwed rnalle. Amcmcmantad oo
uSLed DyvLiluiclio OLG‘LM wVliltaLwe UL vsucs-;ou Ga.cssa.a.\.c.l..‘.y LoUuuELvLEuY L0
each other in a conductive solution and generate an elactric current.

3.2 Galvanic corrosion. Galvanic corrosion manifests itself in the ac-
calerated corrosion caused to the more active metal (anode) of a dis-
similar metal couple in an electrolyte solution or medium, and decreased

as compared to the

P rd oy B

corrosive effects om the less active metal

.\
{catnoge),
Al eha dadldied diinal marala eehanrm mab Aamcamasntad don Sl o
LUlLUELUu Vi LT LUMULVAUUGL WESLalLd )y WHTU 1LIUL LVUULELLEUY, LU LuUE Daue
elactrolytae environment

3.3 Galvanic series. A galvanic series is a listing of metals and alloys
based on their order and tendency to corrode independently, in a parti-

cular electrolyte solution or other environment. This tendency for dis-
solution or caffesieﬁ is relaied to the electrical potential of the metal
in conductive medium. Galvanic corrogion ig inherently affected by the
relative position of the galvanic series of the metals constituting the

couple. Metals closely positioned in the series will have elecc:icalr
potentials nearer one another, whereas with greater divergence in posi-
tion, greater differences in potential will prevail. Galvanic effects,

i.e., corrosion of the anode will in the former condition be minimai,
rha larrae ~A~nnd Arn 121411 avhihir mara ad{ond fd ner rAavessdiva affa~ea
Lils AGWLTA - Iidd WiAaWia Waoad o SNl LAV LS L GCbuLL hAwile VA AMVOAVYVS ShAASWLD .
A galvanic serias for corrosion structural metals; for sea water,K is
shown in Table II. A supplemental galvanic series is given in Table II.

4. GENERAL STATEMENTS. (Not Applicable)

5. DETAILED REQUIREMENTS. .

S.1 Minimizing dissimilar metal corrosion.

5.1.1 When dissimilar metals are used in intimate contact,.sui:able
protection against galvanic corrosion shall be applied. In some environ-
ments particularly with metals such as magnesium, steel, zinc, aluminum,

in comtact with copper, stainmless steel, nickel, galvanic corrosion may
ba appreciable. Consequently, care should be takem to protect the
anodic member by proper electrical insulation of the joint or by excluding

the electrolyte 1f this is feasible.
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5.1.2 Table I and Table II list metal in the order of their relative
activity in sea water environment. The list begins with the more active
(anodic) metal and procedes down to the least active (cathodic) metal of
the galvanic series. A "galvanic series' applies to a particular elect-
rolyte solution; hence for each specific solution which is expected to
be encountered for actual use, a different order or series will ensue.
Galvanic series relationships are useful as a guide for selecting metals
to be joined, will help the selection of metals having minimal tendency
tc interact galvanically, or will indicate the need or degree of pro-
tection to be applied to lessen the expected potential interactions.
Generally, the closer one metal is to another in the series, the more
compatible they will be, i.e., the galvanic effects will be minimal;
conversely, the farther one metal i{s from another, the greater will be
the effect. In a galvanic couple, the metal higher in the series repre-
sents the anode, and will corrce entially in the environment.
5.1.3 Metals widely separated in the galvanic series must be protected
if they are to be joined. Appropriate measure should be taken to avoid
contact. This can be accomplished by applying to the cathodic member a
sacrificial metal coating having a potential similar to or near that of
the anodic member; by sealing to insure that the faying surfaces are
water-tight; by painting or coating all surfaces to increase the resist-
ance of electrical circuit.

5.1.4 A small anodic area relative to the cathodic area should be avolided.

The same metal or more noble (cathodic) metals should be utilized for small
fasteners, and bolts. The larger is the relative anode area, the lower
the galvanic current density on the anode, the lesser the attack. The
galvanic corrosion effect may be considered as inverse to the angde-~
cathode area ratto.

5.1.5 Metals exposed to sea water environments shall be corrosion and
stress-corrosion resistant or shall be processed to resist corrosion
and stress-corrosion. Irrespective of the metals involved, all exposed
edges should be sealed with a suitable sealant material conforming to
MIL-S-8802. When non-compatible materials are joined, an interposing
material compatible with each shall be used.

5.1.6 Materials other than true metals, i.e., non-metallic materials,
which must be joined to metals, shiould be considered as metallic mate-
rials. unless there is supporting evidence to the contrary. If these
materials are essentially free of corrosive agents (salts), free of
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TABIE 1I.
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Galvanic series of selected metals in seawater.

Active (Anodic)

Mg Alloy HK-31A
Zinc (pl. hot-dip, die cast)
Beryllium (hot pressed)

Aluminum (Al) 7072 cl. om 7075

Al alloy 2014-T3

Al allgoy 1160-H14

Al allov 7079-T6
Cadmium (pl.)

Uranium (depl.)

Al alloy 218 (die cast)
Al alloy 5052-0

A ~-e. &NEKD
Al alloy 505 2-H12

Al alloy 7151-Th
Al alloy 5456-0, H353
Al alloy 5052-H32

Al alloy 1100-0

Al alloy 3003-H25

Al alloy 6061-T6

Al allgy 7071-Th

wiaTaw

Al alloy A360 (die cast)
Al alloy 7075-T6

Al alloy 1100-H1l4

Al alloy 6061-0

y 2014-0
y 2024-Té4
Al alloy 5052-H16

Stainless steel 410 (active)
Copper (pl.)

wn

Nickel (pl.)

Chromium {pl.)

Tantalium

Stainless steel 350 (active)

Stainless steel 310 (active)

Stainless steel 301 (active)

Stainless steel 304 (active)

Stainiess steel 430 {passivs)

Stainless zreel 41C (rassive)

Stainless steel 17-7 pH (active)

Tungsten

Nicbium (Columbium) 1% Zr
Brass, yellow, 268
Uranium {depi.) 8% Ho.
Brass, Naval, 464

Yollow hraage

Muntz metal 280
Brass (pl.)
Nénrlel-silver (18%
Stainleas steel 3

Ag)
i6L (active)
nronze ‘AU
l'-'"nvr‘nv nSs

N

Copper 110

Red brass

Stainless steel 347 (active)
Molybdenum, Comm pure
Copper-Nickel 7151

Aﬁmiwale hrace

Camoo

Stainless steel 202 -(active)
Bronze, phosphor 534 (B-1)
Stainless steel 202 (active)

Stainless steel 201 (active)
Steel allgy Carpenter 20 (active)
Stainless steel 321 (active)

Stainless steel 316 (active)
Stainless steel 309 (passive)

Stainless steel 17-7 pH (passive)
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Stainless
Stainless
Stainless
Stainless
Stainless

steel 304
steel 301
steel 321
steel 201
steel 286

TABLE II (Continued)

(pasaive)
(passive)
(passive)
(passive)
(active)

Stainless steel 316L (passive)
Steel alloy AM355 (active)
Stainless staeel 202 (active)

Steel alloy, Carpenter 20 (passive)
Steel alloy AM350 (passive)

Steel alloy 286 (passive)

Titanium 5A1, 2.5 Sa.

Titanium 13V, 11Cr, 3Al. (annealed)
Titanium 6A1, 4V (h.t + aged)
Tictanium 6 Al, 4V (annealed)
Titanium 8Mm.

Titanium 3 Al, 13V, 11Cr (h.t + aged)
Titanium 75A

Stainless steel 350 (passive)
Graphice

Noble (Less Active-Cathodic)

MWNLDAT MIOATIT TN e e arm -~
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acid or alkaline materials (neutral pH), and free of carbon or metallic
particles, not subject to biodeterioration or will not support fungal
growth, and do not absorb or wick water, then these may be considered
non-metallics suitable for joining to metals. !Many materials classed
non-metallic will initiate corrosion of metals to which they are joined,
e@.g8., cellulosic reinforced plastics, carbon or metal loaded resin

‘"materials, asbestos-ceuwent composites.

5.1.7 Where magnesium is one of the metals involved in the dissimilar
metal combination or where stainless steel is used in contact with
itself, it is required that the edges of the joint be adequately sealed
to prevent excess galvanic or crevice attack. Where it is not required
that the material be electrically comntacted, then a non-metallic in-
sulating gasketing material may be used.

5.1.8 If the environment to which the couple is to be exposed is highly
aggressive, it 1s advisable to employ maximum protective measures, other-
wise some compromise in the protective system could be allowed. In any
event, naximum protective systems always should be employed when mag-

nesium is one of the metals involved, whether or not the combination
is to serve in an electrical -conducting system.

5.2 Precautions and methods for joining. Where it becomes necessary
that reiatively incompatible metais must be assembled, the following
precautions and joining methods are provided for alleviation of galvanic
corrosion.

a. Select materials which are indicated to be more compatible in ac-
cordance with the galvanic series; design metal couples so that the
area of the cathode is smaller (appreciably) than the area of the anodic
metal. For example, bolts or screws of stainless steel for fastening
aluminum sheet, but not the reverse. Interpose a compatible metallic
gasket or washer between the dissimilar metals prior to fastening; or
plate the cathodic member with a metal compatible to the anode. These
are applicable to couples which are to serve as an electrical connection.

b. Interpose a non-absorbing, inert gasketing material or washer be-
tween the dissimilar materials prior to connecting them. This is
h1 od

e to couples which are not to serve as electrical

- e
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aying edges Lo preclude the entrance of liquids.

d. Apply corrosion-inhibiting pastes or compounds under heads
of screws or bolts inserted into dissimilur metal surfaces whether
or not the fasteners had been previously plated or otherwise treated.
In some ingtances, it may be feasible to apply an organic coating to

the raylng surfaces Ptlot to aaaemoxy. Th
F [ A
- i

dadomdae schdalh aw nAatr wandwad A ha alaa
JULMLU Wilhdwili GA G MV bﬁl‘“&“ - uc c.a.c

his wouid be applicable to
rically conductive.

e. Where practicable or where it will not interfere with the
proposed use of the asaembly, the external joint should be coated
externally with an effective paint system.

r4 TY_ 1T 3 _ 13 PP U | 4 _ a2V . _a 1 L TR B . * 3 e by

| weldeq Or Urdazed (1SSimiiar Tmetal assembiles snhould be coated
wie a naint eavarem Ay arther auirtahla nratacrtriva cAaardnce A ot lTamase
Wit @ pUuaise W Ve wWa wesiwa SHatl@uwas pLvielLravre LVaLLLugD "W aLv 4ASad .
1/3 inch beyond the heat affected zone.

g. In so called protective environments (usually referred to as
humidity-controlled) caution should be applied to dissimilar metal
combination treatments. If the assumption is made that no corrosion

1

«ad 11 ) N . d AL b Amcnt oo 411 ) NP e . | P S PP
Wii4a OCCUT vEeCguse uum Uiy LUULCiIUL Wili UE mdLuLdthu, Lile sLrringenc
requirements would be unnecesgary. It must be recognized that humidirty
and moisture controllad environments can be assured only by hermetically

sealed compartments or containers in which the moisture vapor content
has been adequately reduced, so as to preclude condensation of water
at the lowest temperature expected to be encountered in the actual surface

of the item. If humidity and condensate control cannot be maintained or
{a mnrorrain (frannantly rthies 41a an) rhon A{ecadimilar maral Ammba~sa

AS WULwL @Al \ArUYURIlway SHAD A OV BT WADQ MUlAsdlL WT LAl LVULaAaLLI
should be treated as i1f protection were required against the worst en=-
vironment.

6. APPENDICES.

1 Acn o momd S aa A T dowe mend coad ae —mom e omom e D oo e e A o | —— A e
.1 APDPEUULA A. LiSTS priorily proleciive trealmeénts ana Sysitems [or
each maral or alloy. Thig liering should be consulred for the selecricn
of systems to be applied in the joining of dissimilar metals. The sur-

face finishes provided in the sublistings under each metal give the
optimum first, and others in descending order of preference. Environ-
mental conditions to which the couple is expected to be subjected in

service must be takea iato account. Assurance should be establiished that
lacaar nrartarriva avarama {1 f ocalar~rad w411l £1.1F411 eha maad CAanmadda=_
FE3-1-1-2 4 FPEVYEeLiLarYe JJ00vdT 4dh SCaSLLISW,; Wasa LWwaLiirs wUT uETG. WUMI AT LT
ations must be given to these factora: service conditions, electrical

o
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requirements, mi ten co
Costs should not compromise the level of protection desired Specifi
reviews of proposed protective systems for dissimilar metal couples

should be performed by the procuring agency, and authorization of the
agency for the use of the selected systems is required prtor to their
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6.2 Appendix B. The principal factors that are involved in the pheno-
menon of galvanic corrosion are explained.

CUSTODIANS: PREPARING ACTIVITY:
Army - EL Air Force - 11
Navy - AS
Air Force - 11
REVIEW ACTIVITIES: PROJECT NUMBER: MFFP-0113
Army - MU

Navy - EC, OS



RECOMMENDED TREATMENTS IN ORDER OF PROTECTIVE EFFECTIVENESS

TRATY
EadV e NSV

10.1 Scope. This appendix lists protective systems for each metal or
alloy with optimum treatments listed first, and others in descending
order of preference.

a9 A2 ool ocm Lot 12abvldan doa meacacmtmrad ac = alee =mmble
idVU. & I\EELL dLlUli. bdCil 41l50CalUE 48 pPlEIBULEU at a 5u.|.u= on 4y €dalclu
application must be reviewed considering service conditions, design
requirements and maintenance costs.
20. REFERENCE DOCUMENTS
SPECIFICATIONS
FEDERAL
QQ-P-416 Plating Cadmium (Electrodeposited)
TT-C-490 Cleaning Method And Pretreatment of
Ferrous Surfaces For Organic Coatings
MILITARY
MIL-M-3171 Magnesium Alloy, Anodic Treatment of
MIL-C-5541 Chemical Conversion Coatings On Aluminum
And Aluminum Alloys
MIL-C-8514 Coating Compound, lietal Pretreatment,
Resin-acid (Asg)
MIL-A-8625 Anodic Coatings, For Aluminum And

Aluminum Alloys

MIL-C-8837 ) Coating, Cadmium (Vacuum Deposited)

MIL-P-15328 Primer (liash), Pretreatment, Blue (Formula
No. 117-B For Metals)

MIL-P-16232 Phosphate Coating, Heavy, Manganese Or
Zinz Base (For Ferrous Mertals)

MIL-C-17711 Coatings Chromate, For Zinc Alloy Castings

And Hot-dip Galvanized Surfaces
6074  Coating. Electro

Coating, Electroless Nickel, Requirements
For

-~

MIL-C-2
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MILITARY (CON'T)
MIL-M~45202 Magnesium Alloy, Anodic Treatment of
MIL-C-81562 Coating, Cadmium And Zinc (Mechanically
Deposited)
MIL-A-8180 Anodic Coatings For Zianc And Zinc Alloys
30. Recommended Treatments in Order of Protective Effectiveness

Treatments specified herein represent a decreasing order of protective-

ness for the metals to which they apply. Where a choice of treatment can
be exercised and long-range economics permit, the selection of treatments
should be made accordingly. Specific enhancing effects can be accomp-

lished by selecting the treatments of higher level for each metal when
the metals are to be coupled and so used. Alternately, high-degree pro-
tection frequently is achieved where the optimum treatment is selected
for one metal, and a second or third option is taken for the second
metal. In atmospheric corrosion considerations, where costs must be
taken into account, it makes much sense to select a higher-level treat-
ment for the more active metal, and an alternate treatment for the less
active metal. This choice takes into account the fact that the more
active metal is likely to undergo 1ore corrosion initially, even under
mild conditions when galvanic effects would be minimal. Hence, cathodic
concrol of corrosion, frequently useful in electrolytic solutions,

2d oo do dama o~ s .._..-1 L N R - W - T TR Y AL T e

PR P ~ o
vVik LUdJ.Ly i8 LllUPcrdLLVE ulnuEer usudid dLmUSPIlEl AL €ApUBdULE conaifions.

30.1 Treatment for Magnesium

a. Anodic coating (MIL-M-45:.02) + alkali-resistant paint system or
resin seal.

b. Chromate conversion coating (MIL-M-3171) + alkali-resistant
paint or resin system. Alternate for general use in non-persistent wet
or marine atmosphere; or anodic couting without organic system.

¢c. Metallic coating, electroless nickel (MIL-C-26074B) + cadmium
mrrmwmam)lardew~r fNNA_D_L1LN | AP od aal [ et | .‘-_A..”»J..- mrrwee G
uveiLpialtl 15 \YWNITLE=919) . ['UL ‘Lc\-l—[ Aladdy, LiagL u 4 CULIVULL LU PULpPUOTOH,
in absence of wet, saline or acidic atmospheric conditions.

11
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d. Chromate tteatmen:. Suitable for assured condensation and
free conditions.

acid-
Note: Bare magnesium shall not be used.

30.2 Treatment for Zinc and Zinc Coatings

a. Anodic coating (MIL-A-81801) + péinc or resin coating system-
primarily for castings.

b. Chromate conversion coating (MIL-C-1771l) + paint or resin

system; or anodic coating without organic system. For use in non-per-
sistent wet or marine atmosphere. For electrical, thermal conducting
purposes in mild atmospheres in absence of wet, saline or acidic condi-
tiouns.

c. Chromate conversion coating without paint or resin coating

Note: Bare, plated zinc shall not be used in a marine environment.

30.3 Treatment for Cadmium or Beryllium

a. Chromate conversion coating (QQ-P-416, MIL-C-8837 or MIL-C-81562)
+ paint or resin coating system.

b. Chromate conversion coating without organic system. For use in
non-persistent wet or marine atmogsphere. For electrical, thermal con-
ducting purposes in mild atmospheres in absence of wet, saline or acidic
conditions. Recommended for beryllium in high temperature applications
to forestall catastrophic oxidation in oxygen containing atmosphere.

30.4 Treatment for Aluminum and Aluminum Alloys

a. Anodic coating (MIL-A-8625) + paint or resin coating system.

b. Chromate conversion coating (MIL-C-5541) + paint or resin
coaring evatom® or anadice coaring aaalod wirh reein eeal (when nornua
LUGLANE S )oLtil,; Vi QuiVeaASs LUSTalig)y) OWaatwy Watis sa%daie oSaa (wuta Vaviao
castings are used, impregnated with resin prior to surface treating and
finishing)

c. Chromate conversion coating without painc or resin coating, for
electrical, thermal conducting purposes in mild atmospheres in absence
of saline, alkaline or acidic coaditioms.

12
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aluminum - may be used when st

y be used when su treating would interfe
with a

d. re e rface
y application, under conditions free of salinity or extended wetness,

or when high corrosion resistant alloys are used. Faying edges should be
sealed to prevent crevice corrosion.

30.5 _Treatment for Carbon and Low Alloy Steels

a. Metallic coating (e.g., sacrifical Zn, Cd + chromate treatment,
or non-sacrificial Cu, Ni) + paint coating system. For steels of strengths
greater than 220 ksi metallic coatings to be applied by non-electrolytic

methoda, zinc or cadmium prohibited. For steels of stremgths up to 220 ksi
metallic coatings may be applied electrolytically, but the steel shou be
er

LIS el a SRS

1
stress relieved before plating and hydrogen embrittlement relieved aft
.plating.

b. Metallic coating, e.g., sacrificial Zn or Cd, with supplemental
surface treatment, or non-sacrificiai, e.g., Cu or Ni, without paint
coating system, for direct metallic contact or for achieving least poten-
tial difference between joined metals. For metals of strengths greater

than 220 ksi, metallic coating, if required, to be applied by non-elect-
rolytic methods; zinc or cadmium prohibited.

c. Zinc phosphate conversion coating (TT-C-490) + paint coating
system. Caution, if phosphate.coating used on steels of strengths be-
tween 150 to 220 kai, hydrogen relief required; stress relief required
prior to phosphating and hydrogen embrittlement required after phos-
ptating.

d. Pretreatment primer (MIL-P-15328, MIL-C-8514) + paint coating
system.

e. Heavy phosphate conversion coating (MIL-P-16232) + supplemental
treatment. Not for steels of strengths greater than 220 ksi.

Note: Bare steel not recoumended.
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reatment for Lead, Tin, Solders, and Indium

Coatings of these materials applied to other metals by hot-dipping,
fusing, or electroplating processes.



b. Electroplate with other metal to reduce the electropotential
diffurence of metals being joined, where direct contact of metals re-

..... fmw alanrwd ~al nurnacaas
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30.7 Treatment for Steels-Carbon, Lo Alloy, Martensitic and Ferritic
Stainless

Steels with chromium contents in the region of 12 percent
will undergo considerable surface staining and limited rusting
in corrosive environments, but on the whole are appreciably

less corroded than carbon steels.

a. Paint or apply resin coating; zinc phosphate carbon steels prior
to application of paint or resin coating.

'S \l av ha alanteranlarad nv waod hara far 1aa In nan—navedatamt wias
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or marine atmoaphere, and for electrical or thermal conducting purposes.
Faying edges to be sealed to prevent crevice corrosion.
30.8 Treatment for Chromium (plate), Molybdenum, Tungsten

a. Paint or apply resin coating to reduce corrosion at voids in
chromium plating, or staining of molybdenum or tungsten surfaces.

b. Normally may be used bare for electrical wear resistance, or thermal
conducting purposes. Seal faying edges to mitigate crevice attack of
metal to which joined.

30.9 Treatment for Steels Stainless-Austenitic, PH, Super Strength, Heat
Resistant, Brass-Leaded, Bronze, Brass Bronze-Lo Copper,
and Copper High Nickel

a. Apply metallic coating as may be required to minimize electri-

cal potential difference between the metals to be joined and apply
paint or resin coating system, primarily to diminish ion contamination

pPoassw Tsass VoL ass SS= LI R D eI i=il Sl it alllillatloll

from metals of this group onto more anodic metals to which they might
be joined, thereby diminishing potential damage to the more anodic metal.

b. Apply metallic coating (as above), use without paint or
[ e Caw alantsdmnal Aw Phavrmal Arandnatrdme mitsnAacas Maw ha
resin Coadutinig, LUL Sitliliitald UL uilCililiad LULHUULLLLE PULIPUSETO. iay vk
axpadient to overcoat completed assembly with paint or resin

c. Apply paint or resin coating system and seal faying edges.
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d. Use bare and seal faving edges for electrical and thermal con-
ducting purposes, if more anodic metals are not directly joined or in

U S R ~ mamadeca wwiiemAdacam A
close proximicy to receive rundown of surface condensate.
.

e. Select galvanically compatible metals required to be coupled
for high temperature applications, where metallic coatings may not be
useful and paint or resin coatings are impractical.

30.10 Treatment for Titanium

a. Anodize, for anti-galling and wear resistance.

b. Apply metallic coating (Cd, Zn prohibited, Ag over Ni acceptable)
+ paint or resin coating.
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d. May be used bare with faying edges sealed in contact with metals

other than magnesium, zinc or cadmium; for electrical or thermal conduc-
ting purposes.

an 11
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a. Silver or silver plated parts to be used as electrical, open-

close contact points, plugs and receptacles should be plated over with
rhodium, palladium or gold.

b. lay be used in stationary components of electrical assemblies,
e.g., connectors, printed circuits, but should be enveloped by sulfur-
free conformal coatings.

) c. Apply chromate conversion coating + corrosion inhibiting fluid
film to parts of electrical plugs, receptacles, etc.

a. Use bare, with compound sealant at edges of dissimilar metal

joint, or by enveloping dissimilar metal joint in conformal coating,
where feasible.

15
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between graphite and metal to be joined to it. Seal faying edges to
preclude corrosion at contacting surface of the metal member. if

service is electrical, or apply conformal coating.

t ing. Seal faying edges.
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APPENDIX B

WHAT IS INVOLVED IN GALVANIC CORROSION

i0. GENERAL

10.1 Scope. This appendix explains the principal factors that

eme—

are involved in the phenomenon of galvanic corrosion.

10.2 Application. This appendix is tutorial only and is not
contractually binding.

20. REFERENCED DOCUMENTS
Not Applicable.
30. GENERAL REQUIREMENTS
30.1 Factors influencing galvanic corrosion. Several factors can
influence the kinetics of galvanic corrosion. Among these are

the polarization behavior of the metals under the prevailing
conditions; the areas of the anode and cathode; the electrical

resistance and current; the type and concentration of the
electrolyte; the pH of the eclectrolyte medium; the degree of
aeration or motion of the electrolyte medium. Basic factors

tion o
are the electrical potentials of the electrodes, current, arnd
resistances, expressed by

where E. is the potential of the cathode (as polarized); E, the
potential of the anode (as polarized); Re the resistance of the

electrolyte solution path in the galvanic circuit {internal
circu»t); and Ry, the resistance of the electrodes (external

~d e

circuit).
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solution path in the galvanic circuit (intaernal circuit); and R_ the
SCAUTAON pPaLa L1 3 a= 3 ‘m -
resistzance of the alectrodes (extermal circui:).

30.2 Corrosive environment. Ia a liguid medium or electrolyte solution,
of a given concentration of the electrolyte, and a spacific temperature of
the medium, each metal has a specific electirical potential, i.e., ability
e simidamwomn Adoon 1: r{p.n - A an-rn matr s {nnu L'{Ph rho rn]anc nf alactrone
L0 Uiuei gy G13304.Ucailnn WY AV A M e AVIID Mh il Wit Awh @O J4 Sl UM .«

1
In a very corrosive solution, having high conductiviry and producing
readily soluble corrosion products of the meral, corrosioan will ccntinue.
In a limited ‘'volume of solution, where conditicns more probably will
develop to hamper corrosion, e.g., increage of concentration of metal
iona, the corrosion may dimiuish with time. On the other hand, the

same metal as the anode of a galvanic couple, will teand to exhibit ac-
celerated corrosion, which can be related tc a flow of current in the
circuit, i{ the cathode is unaffected by polarization. If the electrecdes
polarize progressively, galvanic current flow and corrosion will subside
and may actually stop. Generally, the rate of corrosicn will decresse

with higher concentrations of the electrolv/te, or with lower temperature.

a
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tion may become ch mcafhode if che solution is made basic.

Oxygen dissolved in the electrolyte can depolarize the cathode by
oxidiziny atsorbed hydrogen. In some cases;, oxygen may be necessary to
_____ -..JA--J.‘- A€ Prha anmadao Avradlahla Anvveoar 2nd rha rata Af {re
prmJL“-’ DRLUSLLIUUl UL Lt auvuc. AaVaiiadit UAYgeil aul LUl tace Ui LS
diffusion therefore can increase galvanic attack.

Tons which are generated at the electrode as corrosion proceeds con-
centrate at or near the electrode surfaces (polarization) and impede
current flow. For each of these cases, in static solutions, the cor-

s under diffusion-control.
1 of rhe solution will increase the reaction rate.

30.3 Conductivity of the galvanic circuit. Corrosion of a single metal in
an electrolyte involves the flow of current from local anodic to local cat-

hodic areas on the metal surface. This is termed ""local cell corrosion"
and is the situaticn of normal corrosion. Relatively small differences
in potencials of local cells are the result of compositional dissimilari-
ties on the metal surface because of different metal phases or crystal

orientation, crystal imperfections segregations, grain boundaries, and
other conditicns. The more iahomogerneous :zhe surface, the more suscep-
tible it {s to generai attack. Dissolution of the anode relates to the

-~ - Y 'n oL V]
galvanic current according to Farad s lawv,
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=
where W is the weight or quantity of metal dissclved, in grams; 1 the
current in amperes; t the time of current flow, in seconds; e the equi-
valent of the anode metal (atomic weight divided by valence or charge

of ions produced); F the faraday (96,500 coulombs).

Galvanic corrosion should not be confused with the corrosion of a

single metal resuiting from current flow in an electrolyte solution-

caused by differences in oxygen coatent of the electrelyte sclution at
different surfaces of the metal, or by differences in solute ion concen-
tration or differential aeration' and differential ion or concentration,
respectively

30.4 Potential between cthe anode and cathode. Standard electrode potentials
of metals are of little value in establishing galvanic corrosicn rela-
tionghips in actual environments. The standard potential of a metal 1is

the potential in equilibrium with a molar concentration (unit activity)

of 1ts ions. This condition is not encountered in situations of gal-
vanic corrosion. A glavanic system is dynamic; therefore the potentials
of the metals are not at equilibrxum The metal e not likely to be
[OU.I\G in so =
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iu ions
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av.a.ca.] U] - A A -~
the

current flow

From the standard electrode potentials shown in Table IA, it is seen
that aluminum should behave anodically toward zinc and presumably would

retard the corrosion of zinc in a usual coupled situatiom. That the
reverse is rrue is :eadil\ sean from the esf’nh’{ehod galvanic series of

a L uan SRAVLASHCS gRAVEAL S TS

metals in sea water, Table II. It is of interest to note that in sea
water, the potential difference between copper and stainless steel
(passive) 1s small, from which one might conclude that galvanic couples

of aluminum with copper or uminum with stainless steel in sea water
should result in apprcxiﬁately equal degree of attack on the aluminum.
But this dces not cccur; stainless steel which cen underge some passiva-
tion in the presence of oxygen will have less galvanic effect on the

A galvanic series can be derived for metals in any electrolyte solu-
tion. For specific practical informational needs, the sclution condi-
ticns, i.e., electrolyte concentration, pH, flow, aeration, temperature,



should be specified and maintained as closely as possible.

TABLE IA
STANDARD ELECTRODE POTENTIALS - AQUEOUS SOLUTION,
IM-RESPECTIVE METAL ION, 25°C, AT EQUILIBRIUM

iMetal (High purity) Standard Electrode Potential (v)
‘Magnesiumz’% -2.37
Altmi.t;um}* =1.67
Ziac ~0.76
Chromium* : ~0.74
Iron?* - T0.44
Cadniumét =0.40
Tin¥ -0.14
%Léédz* . =0.13
‘Hydrogen 0.00
‘Copper?* : *+0.34
‘Stlver* +0.80
'Hercuryzt +0.85
|Platinun®™ *1.2
‘Gold T1.69
|

)

30.5 Polarization. The polarization of electrodes in an electr rolyte
solution occurs because of a film of oxide or other compound or gas on the
electrode surfaces. These changes reduse the potential dlfference
relative to the open circuit potentials™“ and lessen the corrosion rate.
Such changes increase the resistance of the external circuit and diminish
current flow; and intensify or diminish with galvanic current, or with
applied current. Electrode polarization behavior is a means by which

the compatibility of coupled dissimilar metals in solution can be
established. Polarization measurements can provide information as to the
effects of relative areas of anode and cathode and effects of changes

in potential on the corrosion.

14,

Polarization of galvanic electrodes is illustrated in Fi
When the anode, cathode, or both polarize, the control is anod

29
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cathodic, or mixed, respectively. Galvanic corrosion and current flow
are polarization and resistance controlled. When the electrodes do not
polarize, resistance of the circuit, the solution path (R,) and the
metallic portion (Rm) control the reaction.

A a%2DE
C*CATHODE
A Y S —
ANIDC
Co~TROL
)

H CaTrINE
< Ct—— C{ coniune
e
x
- l{ A
o
* \/

,/’::::\ RESISTINCE
h NTRO
c CCNTROL c € L

FIGURE 1A. Types of polarization and control in galvanic corrosion.

30.6 Electrode areas. Under cathodic control, corrosion of the anode

is proportional to the area of the cathode. If the cathode area is two to
three times the area of the anode and if the polarization is negligible,
the current is generally increased by the same factor. The same rela-
tionship prevails if the anode area is decreased relative to the cathede.
Decreasing the area of the cathode, in effect increasing the area of the
anode, reduced the galvanic current demsity and diminishes corrosion of
the anode so that normal corrosion becomes dominant. The situation is
somewhat different in mixed control. An increase in the cathode area

can have some accelerating corraosion effect but this is generally less
than in the case of cathodic control, and the effect does not occur in

a proportional way. Normal corrosion becomes less pronounced. In anodic
control, the corrosion of the anode essentially is unaffected by the
cathode area; increasing the area of the anode decreases the galvanic
current.
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'30.7 Resistance and galvanic current. In a polarized galvanic circuit,
resistance is contributed by the portion of the electrolyte between the

=1 L _

201

anode and cathods (RQ. internal path) and by the films of reacction pro-
ducte formed on the alactrade aurfacec (R marallia k) had Al L oI
..... ~ e S s eTwavee wweamwwo \No[] ) Mo eGhdd yuuu/, vuuu.u MPEUH
ion exchange and reduce current flow. Therefore, the total resistance

R, of the circuit is expressed as R = Rg + Rn. In the polarized system,
as the resistance increases, the potentials of the anode and cathode
approach each other until a steady state reaction is attained. The limi-
ting current corresponds with the 1ntersect10n of the polarization curves.

This i{s the maximum current obtainable in the system if coanstant condi-
tiong are maintained

30.8 The electrolyte medium. In each liquid medium or solution (for a
given concentration of the electrolyte and temperature of the medium),
metal has a specific electrical potential. 1In a very corrosive solution,

one nav1ng nigh conductivity and producing readily soluble compounds of
ths ancde of 3 galvanic couple, the ancde will corrode uniformly. If the
cathode does not polarizs, the corrosion of the anode will be accelerated.
However, with polarization of the electrodes, galvanic current flow and

corrosion subside. Generally, for a given electrolyte solution, the rate
of corrosion decreases with higher concentration of the electrolyte or
with lower temperature.

Coupled dissimilar metals may exhibit different responses in the
electrolyte solution because of pH changes. A metal which is the anode
in a neutral or acidic solution may become the cathode if the solution

nda haat
LD wmaue vas

i
dilute, neut

a
dissolution of the magnesium anode, the solution becomes alkaline, and
then the aluminum is rendered anodic, a reversal of polarity. In neutral
sodivm chloride solution, the anode irun of an iron-copper couple becomes
the cathode when the solution is alterud by the addition of ammonia.
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c. e clu
he electro rize the cathode by oxidizin

adsorbed hydrogen. In some cases, oxygen may be necessary for ox1dation
of the anode. Available oxygen and the rate of its diffusion therefore
can increase galvanic current. Ions which are formed at the electrodes
during gaivanic corrosion concentrate at or near the electrode surfaces
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still solutions, the galvanic action is duffusion-dependent and is under
diffusion control. . Agitation or movement of the solution will increase
the reaction rate. If the electrode areas are not large, little differ-
ence will ensue.
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